Introduction
Gadolinium-based contrast agents (GBCAs) first became available for commercial use in 1988 [1] . Since that time, the safety profile of these agents has been established through formal clinical trials and institutional research initiatives. With increasing experience surrounding GBCAs, the scope of safety data continues to evolve. A disease state associated with GBCA exposure was described in the year 2000-nephrogenic systemic fibrosis (NSF). Recently published retrospective case series involving MRI data [2] [3] [4] , bone composition analyses [5] [6] [7] , and human autopsy studies [8, 9] have provided insight into potential mechanisms of toxicity contributing to other novel, proposed disease states, without establishing causation. Given the increased attention provided to gadolinium exposure, patients who have been exposed to GBCAs may associate their symptoms with GBCA exposure and seek advice from both the lay and medical community. This poses a conundrum for toxicologists evaluating patients who are concerned for GBCA toxicity but present with symptoms whose etiology is not yet firmly founded in scientific fact. This review summarizes the physiologic aspects of gadolinium toxicity that are relevant to the practicing toxicologist, and provides recommendations for the appropriate evaluation and counseling of patients who are concerned that their symptoms are attributable to gadolinium exposure.
Background
Magnetic resonance imaging (MRI) relies on the ability of hydrogen atoms to absorb and emit radiofrequencies when exposed to strong magnetic fields, thus allowing tissues to be differentiated based on their hydrogen composition [10] . Magnetic resonance contrast agents augment this modality by enhancing local magnetic fields and interacting with hydrogen nuclei to shorten their relaxation time, allowing for increased signal intensity on the resulting images.
Gadolinium is a rare earth metal that was found to be superior to other agents in its ability to enhance MRIs [11] . Free gadolinium is known to be toxic in vivo via multiple mechanisms, including calcium channel blockade, enzyme inhibition, reactive oxygen species formation, and altered cytokine expression [12, 13] . The chelation of gadolinium to various ligands was introduced as a method to mitigate the toxicity of free gadolinium. While there are no studies identifying the effects of pure free gadolinium exposure, one study that evaluated the morbidity of subchronic gadodiamide (Gd[DTPA-BMA]) exposure found that rats exposed to high concentrations of gadodiamide clinically developed skin lesions, hair loss, and loss of testicular mass, with histopathologic evaluation identifying cutaneous mineralization and ulceration, gastric mineralization and inflammation, and testicular giant cell degeneration [14] . A strongly paramagnetic atom due to its seven unpaired electrons, gadolinium maintains a strong magnetic moment despite chelation, making it an effective contrast agent [15] .
The volume of MRI scans continues to increase throughout the USA and globally. In 2013, there were 106.8 scans per 1000 US inhabitants, up from 34 scans per 1000 in 1995 [16] . While the exact number and proportion of MRIs requiring contrast is unknown, a review of one quarternary institution's MRI ordering practices found that 70% of scans over a 1-year period were contrast-enhanced [17] .
This narrative review summarizes the physiologic aspects of gadolinium toxicity that are relevant to the practicing toxicologist and provides recommendations for the appropriate evaluation and counseling of patients who are concerned that their symptoms are attributable to gadolinium exposure.
Articles for this review were retrieved from MEDLINE and PubMed through the search terms Bgadolinium^AND Btoxicity,^and Bgadolinium^AND Bmechanism.^Reference lists of retrieved articles were reviewed for additional studies not found by the above search method. Manuscripts were limited to those published in the English language; those pertaining to human studies were preferred over animal studies. No date range was set in the search engine.
Pharmacology
Free gadolinium (Gd 3+) has a similar ionic radius to calcium. As such, free gadolinium is a competitive inhibitor of calciumbased processes [18] . All GBCAs contain a ligand to minimize the physiologic effects of free gadolinium. The pharmacology of gadolinium-based contrast agents, and the imaging indication, varies based on the ligand (see Table 1 ). Linear, or open chain, contrast agents are long molecules containing gadolinium. Macrocyclic, or caged, contrast agents contain a central gadolinium atom (see Fig. 1 ). Both linear and macrocyclic contrast agents can be ionic or nonionic. The selection of an individual GBCA for a particular study weighs pharmacologic properties, relaxivity (referring to the gadolinium ion's ability to change the magnetic properties of surrounding water molecules, allowing for enhanced image acquisition), and cost against risks (such as allergy, nephrogenic systemic fibrosis, and gadolinium retention) [19] .
In vivo, gadolinium ions eventually dissociate from the ligand; the macrocylic ligands dissociate more slowly than the linear compounds. Absorption is rapid after intravenous administration, and these agents achieve a volume of distribution matching extracellular fluid. GBCAs are primarily excreted via the kidneys, with a short elimination half-life of 1.5-2 h, after intravenous injection. By 24-48 h, GBCAs are almost completely eliminated, though trace amounts of urinary gadolinium are still detectable after 48 h. There are also several hepatobiliary-specific formulations, such as gadoxetic acid, which are excreted in feces as well as urine [20] .
Headache, nausea, a cold sensation at the injection site, and dizziness are commonly identified adverse events after GBCA administration. These latter events tend to be selflimited. Serious adverse events associated with GBCA administration include hypersensitivity reactions, acute renal failure, nephrogenic systemic fibrosis, and extravasation with local tissue injury [21] [22] [23] . Through post-marketing studies, certain unique adverse effects have been reported for individual agents. For example, gadopentetate and gadobenate have been reported to cause QTc changes [21, 22] . Gadodiamide, gadoxetate, and gadobenate may cause transient, asymptomatic changes in serum iron concentrations and interfere with calcium measurement, depending on the analytical method being used [22] [23] [24] . However, because of the non-standardized way that post-marketing reporting is completed, it cannot be concluded that the aforementioned effects are truly unique to specific agents, as these effects may have simply not yet been reported for other agents. Additionally, GBCAs have the potential to interact with other pharmaceuticals. For example, gadobenate competes for the canalicular multispecific organic anion transporter (cMOAT), an ATP-dependent system that transports hydrophobic anionic compounds across various tissue membranes. In the presence of gadobenate, the actions of drugs like cisplatin, anthracyclines, vincristine, methotrexate, and etoposide can be prolonged [22] .
Free gadolinium that has dissociated from the ligand can remain in tissues and organs for months to years. At equivalent doses, linear agents lead to more free gadolinium retention than the macrocyclic agents due to their greater dissociation. The likelihood of free gadolinium retention varies within individual classes. Among the linear agents, gadodiamide and gadoversetamide demonstrate the most retention [25] . Once dissociated, retained gadolinium is most highly concentrated in bone, followed by organs including the brain, skin, kidney, liver, and spleen. The latest product labeling for gadobenate does include information on gadolinium retention. [22] Patients at higher risk for adverse effects potentially related to GBCA retention include the following: pregnant women, children, individuals with inflammatory conditions, and those who have had multiple GBCA-enhanced studies [22] . However, the significance of retention is unknown, and retention itself is not diagnostic of toxicity.
Known Disease States
For over a decade after the introduction of GBCAs, the primary adverse events associated with GBCAs were related to immediate, self-limited allergic type, or vasogenic reactions [26] . In a review of 28,340 incidences of gadolinium administration over a 14-year period at one institution, investigators found an adverse reaction rate of 0.07% in patients evaluated soon after GBCA administration, including urticaria/itching (n = 14), nausea/vomiting (n = 4), and bronchospasm (n = 1) [27] . In contrast, rates of adverse reactions related to iodinated contrast media range from 1 to 12%, of which 0.01-0.2% are considered serious adverse reactions [28] . Another review of 21 ,000 instances of gadolinium administration at a single institution over a 4-year period documented an adverse reaction rate of 0.17% with nausea/vomiting (n = 15), skin changes (hives, irritation, erythema; n = 12), respiratory symptoms (n = 7), and life-threatening allergic reactions (periorbital edema, respiratory distress, severe chest pain; n = 2) [29] . In patient and provider voluntary reporting of Gd-DTPA-related adverse events regarding over 45 million administration instances through 2002, 0.018% of instances were associated with adverse events, with 90.7% of these including nonserious symptoms. The most common adverse events were subjective symptoms including pain, dizziness, and malaise, followed by urticaria, mucosal reaction, and vomiting [1] .
Rates of adverse reactions that were captured by these early studies occurred more frequently in individuals with prior history of allergy or asthma, history of adverse reaction to GBCAs, and in those who had received the GBCA injection more quickly [30] . These aforementioned studies were limited in their scope as their focus was on allergic type symptoms or other events occurring soon after GBCA administration.
Patients were not followed up to identify delayed reactions. In 2000, a new adverse effect of GBCA administration was described: nephrogenic systemic fibrosis. This syndrome was initially identified in 15 dialysis patients who presented with similar cutaneous abnormalities including skin thickening, hardening, and hyperpigmentation [31] . The association of NSF with gadolinium exposure became apparent in 2006 following a case series of nine patients receiving hemodialysis who underwent MRI studies and subsequently developed symptoms [32] . Diagnostic criteria for NSF include suggestive skin changes, histologic abnormalities, renal dysfunction, and exposure to GBCAs [33] . The full pathogenesis of NSF has not been defined; it is suspected that NSF occurs in patients with renal dysfunction due to the increased elimination half-life of GBCAs in this population. In one study of patients with CKD, the median elimination half-life of gadodiamide was found to be 34 h relative to 1.3 h in healthy patients [34] . Experts postulate that the increased time of GBCA exposure in vivo creates more opportunity for gadolinium dissociation and transmetallation, a process by which organometallic compounds exchange their metal components with other organometals or metals [12, 35] . Transmetallation has been shown to occur in vivo with several cations, including zinc, calcium, phosphorous, and iron [13, 36] . There are, however, numerous hypotheses regarding the pathogenesis of NSF, many of which are not yet supported by data. Some of the hypothesis that currently have some support in the data include the following: gadolinium transmetallation with ferric iron, deposition of gadolinium phosphate, and ferric ironinduced oxidative stress; macrophage phagocytosis of free gadolinium with subsequent stimulation of fibrocyte infiltration of the dermis; GBCAs acting as a stimulus to the immune response with downstream effects of activated dendritic cells and transforming growth factor beta (TGFb) synthesis; and GBCA activation of transglutaminases [12] .
All GBCA formulations have been associated with NSF, but exposure to linear gadolinium chelates (such as gadodiamide) has been found with greater frequency among NSF patients than exposure to macrocyclic chelates [37] . In response to the data linking GBCAs to NSF, the FDA introduced GBCA black box warnings and published safety guidelines in conjunction with the American College of Radiology restricting use of GBCAs in individuals with impaired kidney function [38] . Following implementation of these guidelines, there have been no new cases of NSF identified in the US since 2009 [39] [40] [41] .
Proposed Gadolinium-Associated Disease States
In recent years, individuals with normal kidney function have reported developing a chronic disease state following GBCA exposure. Semelka et al. coined the term Bgadolinium deposition disease^to describe the suspected disease state of individuals who develop a range of symptoms from hours to up to 2 months following gadolinium exposure. Support for this categorization is based primarily based on data from several small qualitative and quantitative investigations [42] . In one investigation by Semelka et al., four individuals with normal renal function who presented for outpatient evaluation following exposure to one to four GBCA injections and underwent focused histories, physical exams, and urinalyses [43] . All patients reported body pain, three reported skin thickening and rubbery subcutaneous tissue in the extremities, and two endorsed Bclouded mentation.^All patients had urine concentrations of gadolinium in excess of reference standards and reported physical abnormalities that were corroborated on physical exam. Objective evaluation of dermal complaints, such as skin biopsy, was not performed in this study.
A case report by Roberts et al. identified a patient with normal renal function who developed symptomatic joint contracture after undergoing 61 contrast-enhanced brain MRIs over 11 years. Skin biopsy demonstrated an elevated concentration of gadolinium, as well as gadolinium deposition in deep tissue layers [44] . A separate case by Miller et al. identified a patient who had undergone 36 contrast-enhanced brain MRIs between ages 5 and 21. Neuropsychological testing identified difficulties in executive function, reading and math performance, visual memory, and reasoning. Review of MRI studies identified increased signal ratios in the dentate nuclei, pons, thalamus, globus pallidus, and caudate nuclei following increased exposure to GBCAs over time [45] . Finally, a qualitative study by Semelka et al. invited members of two online gadolinium toxicity support groups to respond to a survey aimed at describing the patients' symptoms. Among the 42 participants in the study, the most commonly reported symptoms were headache (n = 28), bone pain (n = 26), peripheral pain (n = 26), central pain (n = 15), and skin thickening (n = 22). [46] A causative relationship between patient-reported symptoms and GBCA exposure has not yet been established, but the presence of retained gadolinium in brain tissue is used to support a theoretical basis for long term symptoms. Numerous studies have identified evidence of gadolinium deposition in the brain and in the bone in individuals with normal kidney function, a condition coined Bgadolinium storage conditionb y Semelka et al. [42] . Multiple retrospective studies evaluated patients who had numerous contrast-enhanced brain MRIs and identified increased T1 signal intensity in the dentate nucleus with increasing numbers of contrast enhanced MRI studies [2] [3] [4] . The patients in these studies had a significant exposure to contrast medium, having received at least six contrastenhanced MRIs over a 1-year period (mean 7.1) [2] , five consecutive contrast-enhanced MRIs over a 10-month period (mean 7.7) [3] , and having undergone a range of 2-21 contrast-enhanced MRIs over a 5-year period [4] . Autopsy studies have strengthened the association between GBCAs and radiologically evident abnormalities by demonstrating that patients with prior GBCA exposure have higher than average gadolinium concentration in multiple brain regions [8, 9] . The decedents in these studies also had a moderate exposure to GBCAs, with those in McDonald et al.'s study having undergone a range of 4-29 contrast-enhanced MRIs over a 15-year period [8] and those in Kanda et al.'s study having undergone 2-4 contrast-enhanced MRIs over a 14-year period [9] . Gadolinium also accumulates in bone in patients with GBCA exposure in concentrations greater than that of unexposed controls [5] [6] [7] .
The clinical significance of increased T1 signal intensity on brain MRI has not been established, but there is some evidence that these changes are associated with patient symptoms in other conditions. A retrospective review of data and imaging of 119 patients with multiple sclerosis (MS) found that a hyperintense T1 dentate nucleus signal was more frequently found in patients with secondary progressive MS (defined by initially relapsing-remitting symptoms that transition to progressive symptom worsening) versus relapsing-remitting or primary progressive MS. These MRI changes were also found more frequently in patients with higher scores on the expanded disability status scale [47] . The cause of the observed hyperintense T1 dentate nucleus signaling is not known. However, a separate study aiming to correlate patient-level factors among those with MS with increased T1 signal intensity identified a history of prior brain imaging, which often involves undergoing multiple contrast-enhanced MRIs to evaluate response, as the only associated variable; the number of prior MRIs obtained was not directly examined [48] . This study does not establish GBCA exposure as a cause of the abnormalities seen on later imaging, but it does provide an interesting association that requires further investigation.
Importantly, GBCA association with any disease state other than NSF remains hypothetical, and the associations that are drawn are based on data extrapolation rather than discrete evidence. According to the Bradford Hill Criteria, the following nine characteristics need to be met in order to judge an observed association as causal: strength of association, consistency, specificity, temporality, biologic gradient, plausibility, coherence, experiment, and analogy [49] . The available evidence does not meet the Bradford Hill Criteria and does not support a conclusion that gadolinium exposure causes any disease states other than NSF. At this time, any correlation between gadolinium deposition and disease states remains speculative. Even among patients with NSF, the degree of gadolinium retention in tissues does not correlate with disease burden, suggesting that gadolinium deposition is not the sole driver of symptomatology [50] . The existing studies evaluating gadolinium deposition disease do not include data regarding patients who were exposed to GBCAs but remained asymptomatic, making it difficult to convincingly suggest a cause and effect between GBCA exposure and future side effects. As of May 2017, the FDA issued a summary statement on the clinical significance of gadolinium retention: BAll GBCAs may be associated with some gadolinium retention in the brain and other body tissues. However, because we identified no evidence to date that gadolinium retention in the brain from any of the GBCAs, including GBCAs associated with higher retention of gadolinium, is harmful, restricting GBCA use is not warranted at this time^ [51] .
Evaluation in the Outpatient Toxicology Setting
Assessment of the patient presenting with symptoms purported to be caused by GBCA exposure relies primarily on completing a detailed and thorough history and physical exam. The healthcare provider must obtain a timeline of the patient's symptoms, being sure to document the original condition that required evaluation via contrast-enhanced MRI. The patient's self-reported history should be supplemented with a review of the patient's previous medical records, when available, as this can aid in determining a definitive timeline of symptom onset or progression that is not biased by recall. This step is essential to understand the true temporality of medical complaints. There is a gap in the available literature describing the indications for multiple MRIs in this patient population (e.g., diagnosis of a suspected demyelinating condition due to nonspecific neurologic symptoms).
A complete physical evaluation should be performed, with a specific focus on dermatological changes associated with NSF, such as epidermal thickening and induration. A dermatologist should be consulted if there is a concern for NSF as diagnosis requires confirmation by skin biopsy [33, 52] . Laboratory testing should, at a minimum, include a serum creatinine level to evaluate renal function.
Many patients will report non-specific, subjective symptoms that do not have correlating physical findings. These patients often provide previous laboratory testing by other providers that was non-diagnostic. [53] Providers must seek objective documentation of symptoms whenever possible (e.g., audiometry, EMG), and alternative causes of the patient's symptoms should be excluded.
A systematic approach must be used if gadolinium deposition disease is being considered. Clinicians can use a framework like the Naranjo criteria to assess the likelihood that symptoms are due to gadolinium exposure [54] . Example realms for exploration are outlined in Table 2 .
Analytical Testing for Gadolinium Toxicity
The most accurate way to identify in vivo gadolinium deposition is to obtain tissue or bone biopsy, and submit these specimens for plasma atomic emission spectroscopy testing or histological examination [20] . However, this method is both invasive and expensive and cannot be used to identify deposition in critical areas like neural tissue. Further, the mere detection of gadolinium in analytical testing does not define toxicity. The majority of studies on gadolinium toxicity have made the diagnosis clinically, based on the presence of symptoms following known exposure to a GBCA [55] . Although multiple studies have demonstrated that gadolinium deposits in the tissues and in bone [52] , to date, no studies have described the gadolinium concentration thresholds required to produce toxic effects or clinically significant symptoms in humans. Studies of gadolinium deposition in NSF have found that both affected and unaffected skin have gadolinium present; however, there were significantly larger concentrations in affected skin, suggesting a threshold level at which symptoms occur [56] . Gadolinium is also deposited in the bones of unaffected individuals [20] , demonstrating the inutility of simple gadolinium concentration measurements.
Since GBCAs undergo primary renal elimination, Ramalho et al. suggest that a 24-h urine collection can be used to evaluate for gadolinium toxicity for at least 30 days after the administration of contrast [20] . One case report of four individuals with suspected gadolinium deposition disease and normal renal function included one individual with a gadolinium concentration of 82 μg in a 24-h urine collection at 28 days following the last MRI (reference range 0.0-0.4 μg). This value trended down to 3.3 μg at 103 days following exposure; however, the patient's symptoms persisted despite this trend towards normalization of measured urine gadolinium concentration [43] . Gadolinium serum measurements are unlikely to be useful as they represent both complexed and free forms, and only free gadolinium is thought to be the etiology for NSF and postulated to be responsible for gadolinium deposition disease [57] . Well-designed studies showing a clinical correlation between measured gadolinium concentrations and toxicity must be performed before clear interpretation of analytical testing in this setting.
Urine and serum gadolinium levels can be obtained from reference laboratories and must be collected in a trace metalfree fashion. Different laboratories provide different reference ranges, with some citing a normal range being less than 0.7 mcg/24 h for urine gadolinium. Gadolinium can be found in regional water sources, which may account for gadolinium identification in individuals who have never received a GBCA [58, 59] . The available literature regarding urine gadolinium concentrations is further complicated by the availability of provoked urine testing. Based on the limitations of testing, we do not recommend that clinicians routinely obtain urine gadolinium concentrations on all patients reporting symptoms outside of a research setting. However, if urine gadolinium concentrations are warranted, the collection should occur over 24 h, in a trace metal-free fashion, in an unprovoked manner, and through a reputable analytical laboratory. In pharmacokinetic studies, GBCAs were detectable in the urine of subjects with normal and moderate renal impairment for up to 7 days after exposure [57] . If patients present with elevated urinary gadolinium concentrations performed prior to the visit, adherence to these collection requirements must be assessed.
Previous studies have shown increased T1-weighted signal intensity in posterior fossa and basal ganglia after exposure to GBCAs [4, 8, 9] . However, this increase in signal intensity is not specific to gadolinium deposition and can be seen in several other disease states [20] . Despite a correlation between increased T1 signaling in the posterior fossa and basal ganglia and tissue gadolinium concentration on autopsy, these measures should not be used to determine severity of disease.
Role of Chelation
There is no consistently effective means to completely remove gadolinium from the body after exposure. Among NSF patients, treatment remains elusive. Successive hemodialysis sessions remove the majority of free gadolinium in the blood, but hemodialysis is not effective at removing complexed gadolinium in circulation. It remains unclear whether Did the symptoms appear after the gadolinium administration? Did the adverse event reappear when gadolinium was re-administered?
Are there alternative causes (other than gadolinium) that could have caused these symptoms?
Were the adverse symptoms confirmed by any objective evidence?
Are the symptoms consistent with previous reported symptoms after gadolinium administration?
Did the symptoms improve after gadolinium was discontinued?
hemodialysis has an effect on gadolinium retained in tissues [60] . Recovery of renal function, whether by renal transplant or by other means, is accepted as a potential avenue to achieve symptom improvement; these interventions are not equally effective in all patients [61] . Other therapies have been suggested from experience with small numbers of patients, including plasmapheresis, UVA therapy, extracorporeal photopheresis (a procedure involving leukapheresis, photoactivation, and reinfusion of treated cells), and highdose steroids. Unfortunately, none of these therapies have been shown to be consistently effective [62] .
For patients who suspect that their symptoms are caused by gadolinium deposition disease, few treatment options are validated in the medical literature. However, multiple online resources tout the benefits of various modalities, including chelation therapy, leading some patients to request this therapy to alleviate their symptoms. According to one prominent online gadolinium toxicity education and support group, BThe most obvious treatment is to try to remove the Gadolinium from your body with Chelation.^ [63] .
One study evaluating the impact of lanthanides (including lanthanium, gadolinium, and ytterbium) on mitochondria found that mitochondria exposed to lanthanides showed less swelling following exposure to ethylene glycol tetraacetic acid (EGTA), a chelating agent [64] . A recent study on chelation therapy in mice models found that the chelator 3,4,3-LI(1,2-HOPO) (HOPO) was more effective than diethylenetriaminepentaacetic acid (DTPA) in removing radiolabeled gadolinium from mice tissue up to 48 h postexposure, though chelation did not result in complete removal [65] .
The only human data on the effect of chelation therapy following gadolinium exposure stems from two case reports. One, published in 2009, describes a 65-year-old woman with NSF resistant to renal transplant who underwent chelation therapy with deferoxamine at doses of 500 mg IM daily for 7 days, followed by 1000 mg IM daily for 5 days. This therapy resulted in increased urine gadolinium excretion, from 6 to 13 μg/day; however, the effect on serum gadolinium levels was insignificant (falling from 1.7 to 1.4 ng/ml). There was no improvement in the patient's symptoms over the long term [66] . The second case report describes a 55-year-old man with zinc toxicity who underwent 6 months of oral therapy with 2,3,-dimercaptosuccinic acid (DMSA) and ethylenediaminetetraacetic acid (EDTA) and received 22 treatments with intravenous infusions of edetate disodium or edetate calcium disodium. The man underwent two contrastenhanced MRI studies during this time. Urine testing intended to monitor zinc excretion incidentally found that urine gadolinium excretion increased to a maximum of 89 μg/day during chelation therapy relative to 0.8 μg/ day prior to initiation of chelation. The patient had no associated symptoms of gadolinium toxicity [67] .
While patients may perceive chelation therapy to be a cure for their ailments, they are rarely informed of the minimal scientific basis for chelation therapy in general, or of the significant risks associated with chelator use. There have also been multiple fatalities directly attributed to chelation therapy through hypocalcemia-induced cardiac arrest [68] . The package insert of Ca-DTPA, a commonly used chelating agent, lists Bdepletion of endogenous trace metals,^exacerbation of asthma, and deaths in patients with hemochromatosis as significant side effects; it also states that Bthe likelihood that single dose or multiple doses of Ca-DTPA is teratogenic in humans cannot be ruled out^ [69] .
With the known risks of chelation and the absence of evidence supporting benefit regarding chelation for subjective gadolinium-associated symptoms, we do not support the use of chelators in this population.
Conclusions
The understanding of GBCA impact on patients following exposure continues to evolve. While GBCAs are known to induce NSF in susceptible patients, the available evidence does not conclusively support the existence of other diseases stemming from GBCA exposure in those with normal renal function. However, the absence of data regarding the association between patient symptoms and prior GBCA exposure necessitates further robust scientific inquiry. Patient evaluation is primarily limited to history-taking and physical examination, with a limited role at this time for analytical testing. Treatment options (e.g., chelation) for those suspected of having symptoms attributable to GBCA exposure are not founded in the literature and cannot be supported due to risk of patient injury.
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